A stoichiometry of one is found for the reaction between RS-batyl alcohol and 6-methyl-5,6,7,8-tetrahydropterin catalysed by glyceryl-ether monooxygenase during the first two minutes. The apparent decoupling of these two substrates after the first two minutes of reaction is discussed. The stoichiometry of the oxidation of 6-methyl-5,6,7,8-tetrahydropterin [to quinonoid 6-methyl-7,8(6H)-dihydropterinJ to the conversion of NADH to NAD in the monooxygenase-dihydropteridine reductase coupled reaction is ca one at concentrations of 6-methyl-5,6,7,8-tetrahydropterin less than 100 1lM. At higher concentrations of the tetrahydropterin the ratio decreases and it is shown to be due to product inhibition of the reductase. R( +)-and S( -)-6-Methyl-5,6,7,8-tetrahydropterin are about equally effective substrates for glyceryl-ether monooxygenase. A new and convenient synthesis of l-I4(:-batyl alcohol is reported.
Introduction
Glyceryl-ether monooxygenase from rat liver is a Pteridines / Vol. 5 / No. I microsomal enzyme which hydroxylates the a-carbon atom of the fatty acid side chain of glyceryl ethers of long chain (e.g. C16 and C18) fatty alcohols. Its activity was first described by Tietz, Lindberg and Kennedy (l) and was identified by the cleavage of batyl alcohol (3-1' -octadecyloxypropan-l, 2-diol) which was tritiated in the fatty side chain to yield glycerol and tritiated octadecanal. It appeared to behave as a mixed function oxidase, like phenylalanine hydroxylase (2) in that it required molecular oxygen and a non-conjugated 5,6,7,8-tetrahydropterin cofactor which was-oxidised in the process (Scheme 1). This work was confirmed and extended by Snyder and coworkers (3, 4, 5) who used similar assay procedures with radio labeled eH and 14(:) glyceryl ethers. Kotting, Unger and Eibl, (6, 7) developed a continuous spectrophotometric assay whereby they followed the monooxygenase reaction in a coupled system with dihydropteridine reductase (DHPR) 
~ DHPR . / (4) NAD ~ -NADH Scheme I.
to regenerate the pterin cofactor (Scheme I), and measured the monooxygenase activity by the rate of oxidation of NADH. We were interested in the stoichiometry of the reaction because very little was known about it and because we can now follow monooxygenase activity with the simpler direct spectrophotometric assay that we developed (9) in which the activity can be measured by the rate of oxidation of 5,6,7,8-tetrahydropterins (e.g. 3) to quinonoid-7,8(6 H)-dihydropterins (e.g. 4). It was previously found (1) that the molar amounts of fatty aldehyde produced, in a tetrahydropterin non-regenerating system, were 40-50% of the amounts of tetrahydropterin added. This was attributed to the fact that the pterin used was a DL mixture and that only 50% was enzymically active. However, the similarity of the apparent Vmax values of RS-6-methyl-, RS-6,7-dimethyl-5,6,7,8-tetrahydropterin and natural R-5,6,7,8-tetrahydrobiopterin (9) suggests that there is no stereoselectivity by the monooxygenase for the pterin cofactor. It was also found (6) that in a coupled system (Scheme 1), the amount of NADH oxidised per minute was equivalent to the total amount of fatty aldehyde, fatty alcohol and fatty acid produced. Since the latter three substances were produced by independent reactions (enzymic andlor non-enzymic) following hydroxylation of the ether substrate any conclusions regarding the stoichiometry of the reaction were not full-proof. We report the studies of two aspects of the stoichiometry of the glyceryl-ether monooxygenase reaction. The first is the determination of the molar ratio of the oxidation of 6-MePH4 (1) [to q-6-MePH2 (2)J to the amount of batyl alcohol consumed in the . direct assay'. The second is a comparison of the molar amounts of 6-MePH 4 oxidised to q-6MePH 2 in the direct spectrophotometric assay with the molar amounts of NADH oxidised to NAD in the courkct assay using DHPR (Scheme 1). P le n ,iinc' \ ·01. 5 / No. I
Materials and Methods

Chemicals
RS-batyl alcohol (RS-3-1' -octadecyloxypropan-1,2-diol), NADH, Mega-1O (decanoyl-N-methylglucamide) (Sigma), epichlorohydrin, Kieselgel F254 and Alumina 60, F 245 , Type E, 5X20 cm TLC plates (Merck), (1-14C)-octadecanoic (stearic) acid (Amersham) and dichloroindophenol sodium salt (BDH) were purchased from the sources stated. R-( +)-and S-( -)-6-MePH4 (10-12) and RS-6-MePH4 (13) were prepared as before.
C-Stearic acid (260 /lCi, 4.7 /lmoles) in dry EbO (5 rnI) was treated with LAH (20 mg) , stirred at 25° for 14 h and then at 34° for 4 h. Saturated aqueous K2C0 3 (150 Ill) was added dropwise, the mixture was heated at 34° to decompose the complex and the insoluble salts were filtered off and washed thoroughly with Et29. The combined EtzO solutions w1:!re dried (K2C0 3 ) and evaporated to dryness under a stream of dry N 2. The residue was dissolved in dry Et20 (20 ml) and one microlitre was counted. The radioactive yield was 214 /lCi (82%). Carrier octadecan-l-ol (15 mg) in warm Et 2 0 was added to the radioactive solution and the whole was evaporated to dryness as before.
A mixture of (l- (14) b.p. 105°15 mmHg, prepared from epichlorohydrin and benzyl alcohol as before (15) and had a characteristic IH NMR spectrum (16)J and BF 3 ' Et20 (10 III of a solution of 1 rnl BFJ' EtzO in 50 rnl EbO) were heated in a sealed container at 60-65° for 1.5 h with stirring. The reaction was followed by TLC (alumina, with Et 2 0-nhexane 1:1 as eluent). A further quantity of I-benzy10xy-2,3-epoxypropane (10 mg) was added and heated for 1.5 h. This step was repeated two more times to ensure that all the labeled octadecan-I-ol had reacted (TLC). The mixture was diluted with Et 2 0 (25 rnI), washed with saturated aqueous NaHC0 3 , dried (MgS04) and evaporated to dryness as before. The residue was dissolved in EtOH (5 ml, containing 20 III of cone. HCl), 50010 Pd-C (5 mg) was added and the mixture was stirred under H2 at 25° for 1.5 h whereby hydrogenolysis was complete. The catalyst was removed and the filtrate was evaporated to dryness under N z . The residue was dissolved in EhO (25 ml), washed with saturated aqueous Na-HC03 and NaCl, dried (MgS04) and filtered. Evaporation of the filtrate under N2 and drying the residue in a vacuum desiccator (P 2 0 S ) gave labeled batyl alcohol (18.8 mg, 83.6 fJCi, 39%) which was free from octadecan-l-ol (TLC). The residue was mixed with cold RS-batyl alcohol (60 mg) and recrystallised from hot MeOH (500 fJl). The cold supernatant was r~moved by suction through a fine capillary and lh~ crystals were washed twice with cold MeOH (300 ul). The dried residue (53 mg, 38.5 fJCi, 18% yield) gaye mostly one spot R F 0.15 (RS-batyl alcohol) with < 5°' 0 of radioactivity remaining at the origin on TLC analysis (alumina, and eluting with EhO three limes).
. -tssays for glyceryl-ether monooxygenase
'a) Direct spectrophotometric method. The assay procedure was essentially as before (9) labeled batyl alcohol in EtOH and diluted into 1.95 ml of 0.39 mg of cold RS-batyl alcohol in 0.8% of Mega-lO in water, 0.15 fJCi), catalase (1.4 ml, 1.4 mg in H 2 0), microsomal enzyme (0.49 ml, 7 mg protein) and water (8.61 ml) were incubated at 25°, and the reaction was started by adding 10 mM 6-MePH4 (0.7 ml in 4 mM HCI) making a total incubation volume of 14 m!. Aliquots (2 ml) were withdrawn at recorded intervals of time and immediately .quenched by adding to formic acid (200 fJl).
The aliquots were lyophilized and the residues were each extracted with CH"CI" (4 X 3 ml) and the extracts were dried under a stream of dry N 2 • Each residue was dissolved in CH2Cb and applied onto a TLC plate (Kieselgel, 5 X 20 cm) and eluted (n-hexane, EbO, AcOH, 70:40:1). After drying, the plates were sprayed with "Amplify" (fluorographic reagent, Amersham), air-dried and exposed to Hyper fIlm-MP (Amersham) for 40 h at -70°. The radioactive bands corresponding to octadecanal (RF 0.86), octadecanoic acid (RF 0.67), octadecan-l-01 (RF 0.46), RSbatyl alcohol (RF 0.10) and the origin only were recorded on the film. The silica from the respective radioactive areas was scraped off, suspended in EtOH (1 ml), placed in polyethylene counting vials (Packard) containing "Aquasol" (2 ml, Dupont) and counted in a Packard Tri-Carb 300 scintillation spectrometer with quenching correction. Total recovery of radioactivity was almost quantitative (within errors of± 5%) .
Coupled assay for glyceryl-ether monooxygenase
The assay system consisted of the following in a double beam spectrophotometer in place of batyl alcohoL The reaction was initiated by adding 10 mM 6-MePH4 (50 fJI in 4 mM HCl) simultaneously to both cuvettes and the rate of change of absorbance at 340 nm was measured (€ 6200 M-1cm -1 ).
Effect of increasing concentration of 6-MePH4 on DHPR activity
In each of two cuvettes was added I M Tris-HCI buffer pH 7.5 (100 fJl), catalase (100 fJI, 1 mg/ml), various concentrations from 1.32 to 6.62 mM of 6-MePH 4 (100 fJI in 4 mM HCl), 0.54 mM sodium dichloroindophenol (100 fJl, whereby the blue colour was discharged in few seconds), 2 mM NADH (50 fJl) and water to make 1 mL The reaction was initiated by adding human DHPR (2 fJl, 0.26 fJg protein) to one cuvette and measuring the rate of change of absorbance at 340 nm and 25°. The reaction € value is 6200 M-1cm-1 at 340 nm.
Results and Discussion Natural R-batyl alcohol and the racemic mixture were shown to be cleaved by the monooxygenase Pteridines / Vol. 5 / No . I at the about the same rate and most of the RS-batyl alcohol was converted to glycerol (1) . Measurements of the kinetic parameters (Km and V max) of R-(natural)*, S-and RS-batyl alcohol, and of S-(natural)*-and RS-(racemic)-3-(1-hexadecyloxy)-2-hydroxypropane-l-phosphocholine (ryso-PAF) showed that the natural isomers in these ethers were marginally more active substrates than their enantiomers and racemates (9) . Racemic batyl alcohol has therefore been used in all the present work. Such kinetic measurements have not been made with the pterin co factors but we have now shown that the rates of oxidation of R( +)-, S( -)-and RS( ± )-6-MePH4 by glyceryl-ether monooxygenase were respectively 19.82, 21.46 and 21.32 nmoles/min'mg protein (at 0.44 mM tetrahydropterin and 0.1 mM batyl alcohol) in 0.1 M Tris-HCl pH 7.5. This absence of stereospecificity by the monooxygenase is contrary to the earlier statement (introduction) that only one enantiomer of 6-MePH4 is enzymically active, a deduction that was made because in the absence of pyridine nucleotide it was found that only 50010 of the amount of fatty aldehyde was produced when racemic 6-MePH 4 was used (1) (see also below).
(5) (6) We have examined in detail the stoichiometry of the oxidation of 6-MePH 4 and the consumption of batyl alcohol in the monooxygenase reaction as well as the formation of products that followed enzymic hydroxylation. Repeated spectral scans of a solution set for the direct spectrophotometric assay of monooxygenase activity (Materials and Methods) between 260 and 450 nm revealed the presence of 6-MePH4 (maximum at 300 nm with tail absorption between 340 and 400 nm) which slowly changed to the spectrum of q-6-MePH 2 with little, if any, evidence of the characteristic spectrum of 6-methyl-4a-hydroxy-5, 6.7,8-tetrahydropterin (5) . Even when the conditions were set for the formation of the 4a-hydroxy-pterin (5). i.e. in 0.1 M borate buffer pH 8.4 (17) , only the spectra of q-6-MePH 2 (4) and the rearrangement product 6-methyl-7,8(3H)-dihydropterin (6) were obseryed. If the 4a-hydroxypterin (5) were formed in Time (min) Figure I . the direct assay in Tris-HCl pH 7.5, it would dehydrate rapidly to the quinonoid species (4). In the present assays the analytical wavelength for studying the rate of change of absorbance was 345 nm, a wavelength at which the 4a-hydroxypterin (5) has no absorbance whatsoever, and the formation of the quinonoid species only was recorded. For the first study of the stoichiometry the experiments were performed in two parts. In the first part the rate of change of absorbance (at 345 nm) was measured using the direct spectrophotometric assay procedure and the amounts of 6-MePH4 oxidised at time intervals were evaluated. In the second part of the experiment a mixture containing the same ingredients as for the direct spectrophotometric method (see radiolabel method in MaterialS and Methods): but scal.ed up to 14 ml and using 14C-batyl alcohol, was similarly initiated with 6-MePH4-Aliquots (4X 104 dpm) were removed at intervals of time, quenched, and the products were separated on TLC. Five radioactive bands were identified viz: octadecanal, octadecanoic acid, octadecanol, unreacted batyl alcohol and a band at the origin (Figure 1) . The molar amounts of 6-MeP~ oxidised during the first two minutes were equal to the molar amounts of batyl alcohol consumed. This validates all the measurements of the kinetic parameters of the monooxygenase with lipid ether substrates and tetrahydropterin cofactors using the direct assay (8, 9, 18) because all the data were evaluated from initial rate kinetics measured within the first two minutes of reaction. Since the amount of tetrahydropterin oxidised is measured by the rate of q-6-MePH2 (4) produced, then the formation of a 4a-hydroxypterin intermediate (5) is not rate limiting during the first two minutes (see below). Mter the first two minutes the amounts of 6-MePH4 oxidised become larger than the amounts of batyl alcohol consumed, i.e. the reactants become uncoupled. This cannot be explained \"y changes in the rates of formation of (4) and/or , 5). but it is possible that, like phenylalanine hydro-:\")lase (17) , the monooxygenase may also have the ability to oxidise tetrahydropterins directly to quinonaid dihydropterins in the presence of oxygen in uncoupled enzyme turnover. It must be pointed out that the microsomal preparation does have some phenylalanine hydroxylase activity (9), although batyl alcohol is not a substrate for it, but in the absence of phenylalanine substrate phenylalanine hydroxylase may cause some oxidation of (3) to (4) (17) . As the monooxygenase reaction proceeds the rate of lipid hydroxylation decreases and uncoupled oxidation of (3) to (4) becomes apparent Autoxidation of (3) to (4) may partly account for some of the effects after 2 minutes of reaction although this is minimised by the presence of catalase in the medium.
The first product of lipid hydroxylation is the nhydroxyether lipid (2) which is subsequently, but rapidly hydrolysed (enzymically or non-enzymically) to octadecanal and glycerol. Since the microsomal preparation contains other membrane bound proteins (SDS-PAGE), some of these appear to be oxidoreductases which are responsible for the formation of octadecanol and octadecanoic acid by recycling the traces of NAD(P)H and/or NAD(P) which are bound to the oxidoreductases and are not removed during the microsomal preparation. The amounts of fatty alcohol and acid produced as the reaction progressed, and their ratio decreased from ca 2 to I in 10 minutes, whereas the ratio of aldehyde to acid increased from ca I to 4. After ca 8 minutes of reaction oxidation of 6-MePH4 appeared to stop but batyl alcohol continued to be hydroxylated, as observed by decrease in its concentration and the formation of more aliphatic aldehyde. It is known that the microsomal preparation has DHPR activity (9) , and trace amounts of NADH (in the presence of other oxidoreductases and aliphatic aldehyde) may well assist in regenerating some ,6-MePH 4 (and keep its concentration steady at this stage of the reaction) while lipid ether is hydroxylated further (see amounts formed after 30 minutes, Figure I) .
The rapid formation of aliphatic aldehyde, alcohol and acid from batyl alcohol by the monooxygenase reaction had been reported before (1, (3) (4) (5) (6) , together with only small amounts of unidentified products. Under our conditions a substantial amount of radioactive material remains at the origin on the TLC plates, and this amount increased as the reaction proceeded (equal to ca 50010 of batyl alcohol consumed). We are still investigating this product . which "By direct spectrophotometric assay, rates/0.5 mg of microsomal preparation (9) . bBy coupled reaction using 0.5 mg of microsomal preparation, 100 !lM NADH and DHPR (0.56 ~g per run).
"Catalase at 0.1 mg/mI. must be formed from the n-hydroxyether lipid (2) and may be stabilised by binding strongly to the silica TLC plate. Another aspect of the stoichiometry which we have examined was the determination of the ratio of the amount of 6-MePH4 oxidised (to q-6-MePH2) in the monooxygenase reaction (using the direct spectrophotometric assay) to the amount of NADH oxidised in the coupled reaction with DHPR (Scheme 1). We have confirmed our previous data (9) that the amount of q-6-MePH2 formed in the direct assay was equal to the amount of NADH oxidised to NAD in the DHPR-coupled assay when Pteridines / Vol. 5 / No. I the concentration of 6-MePlL was below 0.1 mM ( Table 1) . The uncoupling at high 6-MePH 4 concentrations was of some concern. The 6-MePH 4 used in this study was a racemic mixture but this was not a problem since both enantiomers were equally active in the monooxygenase reaction (see above) as well as in the DHPR reaction (10) . In the absence of catalase the system is slightly more uncoupled and can be partly explained by a small contribution from autoxidation of 6-MePH4 and formation of a small amount of products other than q-6-MePH2, e.g. pyrazino-s-triazines from (5) (19) . Addition of catalase minimises this contribution but does not explain the effect at high 6-MePH4 concentrations. We have explored the possibility that higher concentrations of 6-MePH4 may inhibit the DHPR reaction by a mechanism of product inhibition. Substrate (quinonoid-dihydropterin) inhibition of DHPR had been observed previously (20) but no report of product inhibition had been made .. Product inhibition has now been tested by oxidising varying excesses of 6-MePH4 separately with a limited amount of dichloroindophenol (two electron oxidant), and measuring the rates of oxidation of NADH (saturating) with human DHPR. ( Table 2 ). Inhibition of the DHPR reaction was observed at higher concentrations of 6-MePH4 with ca 20% decrease at 0.210 mM excess of 6-MePH4 which accounts for all the decoupling observed in the coupled reaction at 0.24 mM of 6-MePH4 (Table 1 ). Attempts to carry out similar experiments with a limited amount of potassium ferricyanide (0.108 mM, one electron oxidant) were unsuccessful because unlike dichloroindophenol which oxidised 6-MePH 4 within a few seconds, ferricyanide required more than seven minutes during which time q-6-MePH 2 had started to rearrange to the DHPR-inactive dihydropterin (6) . When the errors in the measurement of the reaction extinction coefficient for the monooxygenase (ca± 5%) and the effects of product inhibition are taken into account, then all the ratios of NADH/q-6-MePH 2 in Table  I may not be significantly different from one within experimental error.
